III-nitride ultraviolet light-emitting diodes with delta doping
It was argued that the observed dislocation density reduction ͑of about one order of magnitude͒ is due to the growth interruption during ␦ doping that partially terminates the dislocation propagation in the growth direction. Furthermore, ␦ doping also reduces impurity self-compensation and enhances free carrier concentrations in ␦-doped GaN or AlGaN.
In this work, we have incorporated Si and Mg-deltadoping into the 340 nm UV light-emitting-diode ͑LED͒ structure. The fabrication and characteristics of these UV LEDs are reported here. Figure 1 shows the schematic diagram of the UV LED structure grown by MOCVD. A Si-␦-doped n-type Al x Ga 1Ϫx N (xϭ0.2) epilayer with a total thickness of 2 m deposited on sapphire ͑0001͒ substrate with a low temperature AlN buffer served as a template for the subsequent growth of the LED structure. The active region of the UV LED was a single quantum well consisting of The metalorganic sources used were trimethylgallium for Ga, trimethylaluminum for Al, and trimethylindium for In. For Mg doping of AlGaN, bis-cyclopentadienyl-magnesium was transported into the growth chamber with ammonia during growth. The gas sources used were blue ammonia for N, SiH 4 for Si doping, and H 2 as the carrier gas. ␦-junction-like doping profiles were implemented by interrupting the usual crystal-growth mode by closing the Ga and Al flows, while the Si ͑or Mg͒ impurities were introduced into the growth chamber. Postgrowth annealing was carried out at 950°C in nitrogen gas ambient for 8 s to activate Mg acceptors. Identical LED structures with Si-and Mg-uniformly doped nand p-type layers were also grown for comparison studies.
By employing Si-␦ doping, we found that the etch pit density in the underneath AlGaN template can be reduced by a factor of more than 2. This is illustrated in Fig. 2 , where the atomic force microscope ͑AFM͒ images are shown for the morphologies of etched surfaces after a 0.5 m removal for both ͑a͒ Si-uniform and ͑b͒ Si-␦-doped n-type AlGaN underneath epilayer templates. Figure 2 clearly demonstrates a reduction of etch pit density in the Si-␦-doped Al 0.2 Ga 0.8 N epilayer. Although the etch pit density is not a direct measure of the dislocation density, it was shown in a series of previous work that the reduction of etch pit density implies a reduction in dislocation density. 7, 8 We have adapted our previously developed interconnected microdisk LED architecture for the fabrication of UV LEDs for enhancing the extraction efficiency. nected -disk LEDs with individual -disk diameters dϭ10 m were fabricated from both ␦-doped and uniformly doped LED structures by photolithographic patterning and inductively coupled plasma ͑ICP͒ dry etching. Bilayers of Ni ͑20 nm͒ Au ͑200 nm͒ and Al ͑300 nm͒/Ti ͑20 nm͒ were deposited by electron beam evaporation as p-and n-type Ohmic contacts. The contacts were thermally annealed in nitrogen ambient at 650°C for 5 min. The detailed interconnected -disk LED fabrication procedures can be found elsewhere.
9,10 Figure 3 shows the optical microscope images and the electroluminescence ͑EL͒ emission spectrum of representative 340 nm UV LEDs with a chip area of 300ϫ300 m 2 . Figure 4 plots the I -V and L -I characteristics of 340 nm UV LEDs with ␦-doped n-and p-type layers. As expected, the interconnected microdisk LED architecture provides higher output powers at all input currents and a reduced operating voltage due to enhanced extraction efficiency and current density, as well as improved current spreading.
9-11 Figure 4 shows that the optical power of ␦-doped LEDs at 340 nm measured from the sapphire substrate side on a bare chip is around 50 W under the standard operating condition ͑i.e., at an injection current of 20 mA͒ and reaches a maximum of about 120 W at a dc driving current of about 100 mA. The observed optical power saturation under dc operation is partly due to the low thermal conductivity of the sapphire substrate that is of incapable removing the generated heat quickly. In order to minimize the heating effect, we have measured the performances of our devices under pulsed driving currents. Figure 5 compares the optical power outputcurrent (L -I) characteristics of interconnected -disk UV LEDs ͑340 nm͒ under a pulsed operation for both ␦-doped and uniformly doped LED structures. It is interesting to note that the power output increases almost linearly with the driving current, which implies that the LED performance is not limited by the heating effect under this measurement scheme.
It can be seen that the 340 nm LEDs with ␦-doped n-and p-type layers out performed that with uniformly doped layers at all input currents. The optical power at 340 nm measured from the sapphire substrate side on bare chips reached 1.6 mW at 1000 mA with a duty cycle of 1%. 
